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Centre for Material and Fibre Innovation, Deakin University, Pigdons Rd, Waurn Ponds, Victoria, 3127 
 
ABSTRACT 
 
A result of the increased usage of advanced high strength steels (AHSS) for stamped automotive body structures is an 
increase in press forces and tool wear, as well as component geometrical issues, such as springback and curl.  This study 
investigates a methodology of forming a dual-phase steel component in a ‘softened’, or annealed, condition, then 
subsequently heat-treating and quenching the component using a fluid bed furnace into a final ‘hardened’ state.  Channel 
sections were formed to show that the ‘softened’ steel exhibits significantly lower press forces and springback than the 
as-received material.  Post-forming heat treatments on the channel sections and tensile samples show that the hardened 
microstructure and properties can be regained, and oxidation minimised using a controlled atmosphere in the fluid bed 
furnace.  It is also shown that quench distortion is dependent on the orientation of the channel section, and can potentially 
be controlled. 
 
 
1. INTRODUCTION 
 
AHSS are increasingly used for automotive body 
structures as their increased strength compared to 
conventional sheet steels allows thinner gauges to be 
used, hence lighter vehicles.  The significant weight 
savings afforded by AHSS use can be used to 
accommodate extra features within the vehicle, or 
alternatively to deliver a lighter vehicle with increased 
fuel economy and lower emissions.  The standard in 
potential weight savings using AHSS is shown in the 
ULSAB-AVC project, which demonstrates weight 
savings of 25 % compared to conventional mid-sized 
vehicles by using predominantly AHSS [1]. 
 
Types of AHSS include dual-phase (DP), TRIP, complex 
phase (CP) and martensitic (MART) steels.  AHSS are 
more difficult to form than most conventional 
low-strength drawing sheet steels, due to decreased 
ductility and increased curl and springback.  Low 
ductility is mainly applicable to CP and MART steels, as 
dual-phase and TRIP steels retain a good combination of 
strength and ductility.  CP and MART steels are mainly 
confined to bending-type operations, such as 
roll-forming, at room temperature.  Curl refers to 
curvature that results from non-uniform 
through-thickness strain present in many automotive 
sheet metal components, while springback is an 
elastically-driven shape-change that occurs after forming 
upon unloading.  Springback is a common occurrence in 
forming operations, especially when bending is involved.  
Curl is most commonly observed in sheet stampings that 
involve material flow over a die radius.  Significant 
research has been directed into curl and springback [2-7], 
with the main conclusion being that there is an increase in 
both with increasing material strength and decreasing 
sheet thickness [2,7].  The occurrence of curl and 
springback is commonly observed in channel sections, 
which are the main type of component being used with 
AHSS, and must be compensated for to allow part 
tolerances to be met. 
 
Tool wear is also increased due to the higher press forces 
during forming, resulting in the need for more expensive 
tool coatings and increased maintenance [8].  Since there 
is continued pressure on manufacturers to reduce vehicle 
weight by continually introducing higher strength steels 
while maintaining design flexibility, there are a number 
of alternate forming methods being investigated for use 
with these materials.  One method currently used for 
components requiring high strength (for crash impact 
resistance), such as the b-pillar reinforcement, is hot 
stamping.  Hot stamping is a method used where the 
sheet steel is heated to high (austenite) temperatures and 
formed in a heated die [9].  At these temperatures the 
formability of steel is significantly increased.    
Complex-shaped martensitic components with tensile 
strength up to 1500 MPa can be produced from an 
annealed sheet that is heat-treated during the forming 
process.  Quenching is done within the press to achieve a 
martensitic mircrostructrue and prevent any distortion or 
shape change.  Small additions of boron are normally 
added to reduce the necessary quenching rate to ensure a 
fully martensitic microstructure.  This process requires 
expensive and specialized equipment.   
 
Oxidation of the sheet steel is an important consideration 
in hot stamping.  To avoid the need for a descaling 
process, it is necessary to provide a coating on the steel to 
prevent both decarburization and oxidation while 
forming at these high temperatures.  This is normally an 
Al/Si coating [9], as the melting point of zinc-based 
coatings commonly used on sheet steels for corrosion 
resistance is well below the austenitising temperature.   
 
Post-forming heat-treatment (PFHT) is a potential 
method to produce high strength components, where the 
component is heat-treated after forming.  Heating can be 
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done on a formed component using either induction or 
furnace heating.  Induction heating is effective as it can 
be used on only localized areas requiring increased 
strength, which helps to control overall component 
distortion, as well as the rapid heating rate that minimizes 
oxidation.  Special tools or fixtures can be used during 
quenching to avoid distortion occurring.  While not 
common in sheet forming, the PFHT method has 
previously been used successfully on AHSS with 
tube-forming [10].  One potential method of heating 
without the need for a specialized coating is the use of a 
fluid bed furnace.  An open-top fluid bed furnace 
facilitates the easy loading and unloading of components 
into the hot zone, allows the use of high purity fluidising 
atmospheres to minimise oxidation of the component 
surface, and has high and uniform heat transfer rates 
[11-13]. 
 
In this study the PFHT of a dual-phase steel is examined 
using a fluid bed furnace.  The benefits of forming the 
steel in a ‘softened’ or annealed state are demonstrated 
using press load and springback measurements in a 
channel forming die.  The effect of straining during 
forming on the subsequent heat-treated (restored) 
microstructure and the quench distortion are also 
considered.   
 
 
2. EXPERIMENTAL METHOD 
 
 
2.1 Material and Annealing Treatment 
 
The DP 600 steel used in this study had a nominal 
thickness of 2 mm and a chemical composition as shown 
in Table 1.  The microstructure of this steel is shown in 
Figure 1 and consisted of ferrite with approximately 
24  % volume fraction martensite (calculated via point 
counting).     
 
Table 1. Chemical Composition of the DP 600 steel 
 
 C Mn Si Cr Al 
DP 600 0.04 1.08 1.07 0.08 0.02 
 
 
 
20 µm 
 
 
Figure 1. As-received microstructure of the DP 600 steel 
showing ferrite (white) and martensite (dark). 
 
 
To achieve a ‘softened’ state, the dual-phase steel was 
annealed using two different temperatures, 700 °C and 
1000 °C.  700 °C for 60 min was chosen to decompose 
the martensite while remaining under the AR3 
temperature, ensuring minimal ferrite grain growth.  
1000 °C for 15 min was used to ensure martensite to 
austenite transformation.  Heat treatment was carried out 
using a bed of aluminium oxide sand fluidised with high 
purity nitrogen.  After annealing, the specimens were 
then removed from the fluid bed and air cooled to 
ambient temperature inside sealed stainless steel 
envelopes.  Air-cooling ensured that no martensite 
reformed in the microstructure.  Specimens were 
enclosed in stainless steel envelopes to prevent surface 
oxidation during air cooling. 
 
 
2.2 Tensile Testing 
 
Tensile tests were conducted on an MTS screw-driven 
frame in accordance with ASTM E8M, using a 6 mm 
specimen width and a constant crosshead speed of 2 
mm/min.  Three replicates were tested for each material 
condition. Strain was measured using a clip extensometer 
with a gauge length of 25 mm. 
 
2.2 Channel Forming 
 
Blanks with dimensions of 175 mm length by 37 mm 
width by 2 mm thickness were drilled with a 3.4 mm hole 
in the centre of each blank to allow for the locating pin in 
the forming punch.  The blanks were heat-treated using 
both annealing conditions.  Forming of as-received and 
annealed blanks into a simple channel section was 
achieved using an Erichsen Cup Tester with a square 55 
mm punch and square 60.25 mm die.  Both the punch and 
die had 6 mm radius corners.  A blank-holder force of 5 
kN was used and the depth of draw was set at 45 mm.  As 
required, P240 waterproof carbide paper was used to 
remove burrs from the blanks.  To prevent damage to the 
punch and die, the blanks were lightly brushed with oil 
and a thin layer of plastic sheet material adhered to the 
blanks utilising the adhesive properties of the oil. 
 
Springback angle of the walls of the channel section were 
measured as the deviation shown by θ in Figure 2 [14].  
To measure angular springback, trace outlines of the 
simple channels were prepared.  The outline tracings of 
the simple channels were aligned using the 6 mm bend 
radius nearest the crown of the channel shape.  A datum 
line was then established at the point where the crown 
bend radii terminate.  This point was selected as it was 
established as the point where the walls of each specimen 
begin deflecting in a linear manner, neglecting the effects 
of sidewall curl.  From the established datum line, a 
reference line was placed at a 25 mm distance above the 
datum line.  The distance between the sides of the 
channel walls was measured at both the datum line and 
the reference line and the angle of deflection calculated 
as shown in Figure 2 and using Equations 1 -3.  The angle 
of deflection in radians, θ, was then converted to degrees. 
The maximum press force required to form the 
specimens was also recorded for evaluation. 
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DMM =
−
2
12
    Equation 1                        
HD =+ 2225    Equation 2 
H
D=θ
     Equation 3 
Where: 
M1 – Distance between sides at datum line 
M2 – Distance between sides at reference line 
D – Deflection distance 
H – Calculated length of deflected channel wall 
θ – Angle of deflection in radians 
 
 
 
Figure 2. Trace outline of the channel section showing 
the method used to measure angular springback. 
 
 
2.2 Post-Forming Heat Treatment 
 
The post-forming heat treatment process involved 
heating the annealed specimens to a temperature of 
830°C. Heat treatment was carried out using the bed of 
aluminium oxide sand fluidised with high purity nitrogen. 
The specimens were removed from the fluid bed after 10 
minutes and immediately quenched in oil with a 
temperature gradient of 60 °C per second.  The 
specimens were not enclosed in a stainless steel envelope. 
The immediate quenching was suitable for preventing 
noticeable surface oxidation. 
 
The channels were heated and quenched in three different 
orientations as shown below in Figure 3.  After 
quenching, the channels were measured to establish the 
effect of component orientation on distortion during 
quenching.  The change in springback and lateral twist 
were considered.  Lateral twist was evaluated by placing 
the channel in Orientation 2 on a flat surface and 
notations made regarding any out of parallel condition 
between the channel and the flat surface. Twist was 
deemed to have occurred when one channel wall was 
flush to the flat surface and the other wall raised from the 
flat surface. 
 
Top View 
Side View 
(a) (b) (c) 
 
Figure 3. Channel Quench Orientation (a) Orientation 1, 
down or flange first; (b) Orientation 2, side or lateral 
orientation; and (c) Orientation 3, up or crown first. 
 
 
3. RESULTS 
 
 
3.1  Effect of Annealing 
 
Figure 4 shows the stress-strain plots of the as-received 
material and both annealing conditions.  The as-received 
material had an average yield point of 440 MPa and a 
tensile strength of 595 MPa.  The yield strength is higher 
than commonly observed for DP 600 steel, and a degree 
of discontinuous yielding was apparent.  The Yield Point 
Elongation (YPE) indicates that natural ageing of the 
steel had occurred during storage.  The 700 °C anneal had 
no effect on the yield strength, although significantly 
more yield point elongation was observed than the 
as-received material.  The increase in YPE was due to the 
air cooling, which does not occur in conventional 
processing of a dual-phase steel.  There was a significant 
decrease in tensile strength of the steel due to 700 °C 
annealing, of approximately 75 MPa.  The 1000 °C 
anneal resulted in a significant decrease in yield strength 
of approximately 180 MPa compared to the as-received 
material and a decrease in tensile strength of 
approximately 150 MPa.  Some YPE was also observed 
for this annealing condition.  There was a slight increase 
in total elongation for both annealed conditions in 
comparison to the as-received steel. 
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Figure 4. Engineering stress-strain plot of the 
as-received dual-phase steel and both annealed 
conditions. 
 
 
The average grain size for the as-received steel was 8 µm, 
measured using the linear intercept method (ASTM E 
112-96).  There was no measurable difference in grain 
size for the specimen annealed at 700 °C.  A significant 
increase in ferrite grain size was measured for the 
1000 °C heat-treated specimen, with an average grain 
diameter of 16 µm.   
 
Blanks were annealed at the two temperatures and 
formed into channels.  Table 2 shows that there is a 
significant decrease in both maximum press force and 
springback for the two annealed conditions.  The 700 °C 
sample had an approximately 25 % decrease in press 
force while the 1000 °C sample over 30 % decrease.  
Springback was reduced by 34 % due to the 700 °C 
anneal, and 64 % for the 1000 °C anneal.  
 
Table 2. Maximum Press Force and Springback 
Measured from Formed Channel Section 
 
Material Max. Press Force 
(kN) 
Springback 
(°) 
As-received 16.6 13.0 
700 °C 12.3 8.6 
1000 °C 11.4 4.7 
 
 
3.2 Restored Properties 
 
Since the reduction in both press force and springback 
were considerably higher for the 1000 °C annealing 
temperature, PFHT to restore the dual-phase 
microstructure was only performed on tensile and 
channel samples annealed at that temperature.  Tensile 
specimens were annealed and restored to determine the 
properties of the PFHT material, with the stress-strain 
curves shown in Figure 5.  In comparison to the 
as-received properties, the restored specimen had a 
tensile strength approximately 30 MPa higher.  The yield 
strength of the heat-treated sample was significantly 
lower than the as-received steel and the material had a 
continuous yield point.  This low yield to tensile strength 
ratio and continuous yield point is characteristic of 
dual-phase steels, and an important part of their excellent 
forming behaviour.  There was very little difference in 
the total elongation for both conditions. 
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Figure 5. Engineering stress-strain curve of the 
as-received, and annealed and restored material. 
 
 
The restored 1000 °C specimen had a martensite volume 
fraction calculated to be approximately 28 %, slightly 
higher than the as-received steel.  Figure 6 shows the 
restored microstructure.  The average grain size did not 
noticeably alter from the annealed size, meaning that it 
was still approximately double that of the as-received 
steel. 
 
25 µm 
 
 
Figure 6. Microstructure of the restored dual-phase 
material, showing large regions of ferrite (white) and 
smaller regions of martensite (dark). 
 
 
3.2 Effect of Quenching 
 
Table 3 shows the effect of the quenching distortion after 
PFHT on the measured springback for the 1000 °C 
annealed channels.  The components quenched in 
orientation 1 (flange first) and orientation 2 (lateral 
orientation) both displayed a minimal increase in 
springback angle, while the components quenched in 
orientation 3 (crown first) displayed a significant 
decrease in springback angle.  
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Table 3. Effect of Quench Orientation on Springback 
 
Quench 
orientation 
1000 °C 
annealed 
springback 
Springback 
After 
PFHT 
Percentage 
change in 
springback 
1 4.5 ° 4.6 ° + 2 %  
2 4.5 ° 4.9 ° + 8 % 
3 4.9 ° 2.8 ° - 43 % 
 
 
Orientations 1 and 3 did not produce measurable lateral 
twist in the channels, while orientation 2 did consistently 
produce lateral twist in the channels. 
 
 
4. DISCUSSION 
 
 
4.1 Effect of Annealing 
 
The purpose of the annealing treatment was to highlight 
the significant advantages associated with forming low 
yield and tensile strength steel into channel sections.  In 
an industrial application, material with chemistry suitable 
for an AHSS could easily be supplied in an annealed 
condition, removing the need for the annealing step used 
in this study.   The annealed material in this study 
displayed significant YPE resulting from the air cool.  
YPE is not desirable for outer skin panels, such as doors, 
due to stretcher strains, but is acceptable for channel 
sections or reinforcement stampings.  It would also be 
possible to remove the YPE via temper rolling during 
processing. 
 
The decrease in tensile strength after both annealing 
treatments was due to the martensite removal from the 
microstructure.  The similar yield strength for the 700 °C 
annealed sample compared to the as-received condition 
was related to the ferrite grain size remaining unchanged 
by the anneal.  There was a significant decrease in yield 
strength after the 1000 °C anneal.  This decrease in yield 
strength was due to the significant increase in ferrite 
grain size.   
 
From these results, it appears there is a trade-off for the 
as-received ferrite grain-size.  Ideally the grain size 
would be minimized in annealed steel supplied for a 
PFHT process as the resultant grain size after the 
post-forming treatment will be dependent on this initial 
grain size.  A smaller grain size in the final component 
will result in a higher strength component.  A smaller 
grain size in the supplied steel, however, would also 
result in higher yield strength, meaning higher press 
forces and springback during forming. 
 
The time taken in the restoration heat-treatment was 15 
minutes.  No attempt was made to examine the shortest 
possible time to heat-treat the component in the fluid bed 
and still produce the desired quenched microstructure.  It 
should be noted that using a fluid bed furnace would 
require less time to heat the component than for an air 
furnace due to an increased heat transfer rate.  In 
conventional hot stamping the blank spends several 
minutes in the furnace before hot stamping, and then 
approximately 15 seconds being quenched in the 
press/die [9].  The higher heat transfer rate for the fluid 
bed means that it would be possible to produce 
components in at least a comparable cycle time using 
PFHT. 
 
Apart from quench distortion, oxidation is the other 
major hurdle for PFHT.  Only a small amount of 
oxidation occurred on the sheet steel during the 
methodology used in this study.  The majority of this 
oxidation resulted from air trapped in the stainless steel 
envelope before annealing.  In practice, this would not be 
an issue for steel supplied already in the annealed 
condition.  There was also a slight amount of oxidation 
that occurred during transfer from the fluid bed into the 
oil.  While this would need to be considered, it would not 
be difficult to design a process of protecting the 
component from the air while transferring from the fluid 
bed into the quench. 
 
 
4.2  PFHT Microstructure 
 
The main disadvantage of PFHT for a material such as 
dual-phase is that the original continuous yielding 
behaviour is returned to the material in the formed 
channel.  Dual-phase steels are commonly used in 
stamping due to the low yield strength to tensile strength 
ratio and high n-value, resulting in good ‘in-service’ 
strength after forming.  Thus the component formed via 
the PFHT method would have lower strength than a 
component formed using a conventional DP 600 steel 
and cold forming process.  The only potential benefit in 
terms of component properties of the PFHT method is the 
extra ductility remaining in the material that may be 
beneficial to crash behaviour (increased energy 
absorption).  The steels that would benefit the most from 
the PFHT method would be complex phase or martensitic 
steels.  These materials have very high yield points and 
low elongation values, hence have extremely limited 
component shapes that can be cold-formed.  Using PFHT 
for these steels would mean that more complex parts 
could be formed, with relatively little difference in the 
component strength for the PFHT part versus the 
conventionally formed part (due to the low n-values of 
these steels). 
 
The tensile specimens used to determine the properties of 
the restored microstructure were as-received steel that 
was subsequently annealed at 1000 °C, then heat-treated 
and quenched.  The PFHT channel sections, however, 
were formed after annealing; hence have an altered 
microstructure compared to the tensile specimens before 
the restoration process.  To examine the effect of this 
altered, or strained, microstructure, some tensile samples 
were pre-strained after 1000 °C annealing and before the 
restoration heat-treatment, to two different levels.  A 
two-dimensional finite element model was used to 
predict the indicative strains in the channel section.  From 
the results of the simulation, the strain levels in the 
channel walls and bend radii were established.  The FEM 
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software used was ABAQUS Standard, Version 6.5.  
This is a general purpose finite element program.  Due to 
the symmetry, only one half of the channel bend test 
setup was modeled.  The numerical model used the 
implicit static analysis.  Two dimensional plane strain 
8-noded CPE8 elements were applied and four elements 
were used through the material thickness.  The punch, die, 
and blankholder surfaces were modeled using the “rigid 
surface” option and the “contact pair” option was applied 
to simulate the contact between the tools and the 
specimen.  A constant coefficient of friction of µ = 0.1 
was used. The simulation predicted that the average level 
of strain in the channel walls was 3 %, while the 
maximum strain in the bend radius as 15 %.   
 
The pre-strained tensile results showed that there was no 
discernable difference in microstructure between the 
restored microstructure of the specimens that had 0 %, 
3 % or 15 % tensile strain after annealing.  There was also 
negligible difference in either the yield or tensile strength 
of the pre-strained samples compared to the unstrained 
sample.  Interestingly, the total elongation after the 
restoration heat-treatment was affected for the 
pre-strained samples, though not in proportion to the 
level of pre-strain.  The 3 % pre-strained sample had an 
average total elongation of approximately 23 % and the 
15 % pre-strained sample approximately 21 %, while the 
unstrained sample was almost 30 %.  Thus all the 
material in the channel had an approximately equal flow 
stress and tensile stress; however, there were different 
levels of ductility remaining within different sections of 
the channel.  In the case of the 15 % pre-strained material, 
the PFHT significantly increased the level of remaining 
ductility than would be remaining without the PFHT.  
This may be beneficial for crash applications as there is 
an increased capacity for energy absorption before 
failure. 
 
 
4.3  Quench Distortion 
 
From the results presented in Table 3, it can be seen that 
quench orientations had differing effects on the channel 
shape.  Orientation 1 had little effect on the shape of the 
channel, producing neither twist nor an appreciable 
change in springback.  For an industrial application, this 
orientation is advantageous in that once the component 
has been formed to the desired shape; there will not be 
noticeable distortion to affect part tolerances. 
 
The most significant shape change from orientation 2 
was the lateral twist.  The presence of twist in the 
component is due to uneven stress distribution within the 
panel surface, and would be difficult to remove 
afterwards.  Thus this orientation is completely 
unsatisfactory for practical application. 
 
Orientation 3 had a significant effect in reducing 
springback.  It is apparent from the channel sections that 
the decrease in springback was due to a reduction in the 
springback at the punch shoulder, and not from a 
reduction in sidewall curl.  The springback reduction was 
most likely due to thermal stresses created by a difference 
in cooling rate between the outer and inner surfaces of the 
channel. 
 
The main drawback of PFHT is the necessity of 
quenching the component after heat-treatment to produce 
martensite in the steel.  It is difficult to both predict and 
control the residual stresses resultant from quenching.  
While it is possible to use a fixture to prevent 
shape-change in the component, ideally it would be 
beneficial to develop a cheaper and easier method to do 
this.  The results showed that quench orientation affects 
distortion.  While the results showed that the shape 
change was negligible in one examined orientation, for 
more complex geometry channels, distortion may be 
more likely to occur, even in this quench orientation.  The 
reduction in springback in orientation 3 suggests that the 
cooling gradient does affect the resultant 
compressive/tensile stresses in the channel, hence the 
final shape.  This suggests that it may be possible to 
control distortion if properly understood or modeled.  A 
potential method to control distortion would include 
inducing compressive stresses in some or all of the 
surfaces of the channel during the heat-treatment.  For 
example, case-hardening using nitrogen or carbon can be 
easily imparted using the fluid-bed furnace during the 
heat-treatment.  The residual compressive stresses 
created by the case-hardening can easily be confined to 
particular areas of the component using a water-based 
stop-off coating on the metal surface in the furnace.  The 
other advantage of alloying additions during the 
heat-treatment is the significant increase in strength.  The 
control of distortion within channel sections using the 
fluid bed furnace is currently being investigated further. 
 
 
5. CONCLUSIONS 
 
 Annealed sheet steel with chemistry used for 
dual-phase steels can be formed with lower 
press forces and lower springback than the 
conventional dual-phase steel.  This was due to 
a significant reduction of the yield and tensile 
strength of the annealed material compared to 
the as-received dual-phase material. 
 
 Oxidation of the steel specimens in the PFHT 
was negligible by the use of a fluid bed furnace, 
without the need of a protective coating on the 
steel. 
 
 The restored microstructure had a tensile 
strength slightly higher than the as-received 
material.  The PFHT also increased the residual 
ductility in the regions of the component that 
were strained during forming compared to 
conventional cold stamped components. 
 
 Channel orientation had an effect on the 
distortion induced by quenching, with one 
orientation resulting in negligible distortion and 
another orientation significantly reducing 
springback. 
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